AlGaN/GaN superlattices (SLs) with and without Si doping exhibit very different properties. Because of the difference between the dielectric constants of AlGaN and GaN, the wells of the SL are depleted in the undoped structure. With increased Si doping in the GaN wells, the depletion effect will vanish, and the accumulation of electrons will compensate for the polarization-induced internal electric field (PIIEF) in the AlGaN barrier, which is followed by disturbance of the PIIEF in the GaN wells due to electron overflow from the ground state E 0 to the first excited state E 1 . This leads to a decrease in E 1 -E 0 . The properties of GaN-based superlattices (SLs) have been studied intensively in recent years. The conduction band discontinuity between AlN and GaN can be as large as 2 eV, with which a near-infrared photodetector can be easily realized. One prominent reported characteristic of AlGaN/GaN SL-based photodetectors is high level doping in the active region.
The properties of GaN-based superlattices (SLs) have been studied intensively in recent years. The conduction band discontinuity between AlN and GaN can be as large as 2 eV, with which a near-infrared photodetector can be easily realized. One prominent reported characteristic of AlGaN/GaN SL-based photodetectors is high level doping in the active region.
1-4 Si doping does not just supply electrons for the ground state, but also interacts with the strong polarizationinduced internal electric field (PIIEF), which influences the conduction band profile and, subsequently, the positions of the subbands. Interestingly, researchers have also manufactured quasi-AlGaN devices by using AlN/GaN superlattices in which the SL wells are completely depleted, and the electrons accumulate only at the buffer/SL interface. [5] [6] [7] The main difference between the two structures is the doping in the system. The same tendency has also been shown theoretically by Machhadani et al. 8 This difference has been attributed to the interaction between the PIIEF and the Si doping. However, the essence of the depletion effect in low-doped SLs and the interaction processes have not been fully studied and are simply cited as a well-known theory.
In this paper, simulations are conducted to indicate the reasons for the appearance of the depleted SL under low doping conditions. Interaction between the Si doping and the PIIEF is studied. With an increase in the Si doping concentration, the GaN wells are filled with electrons moving in succession from the buffer/SL interface to the surface. The PIIEF is first suppressed in the AlGaN barriers and then in the GaN wells. The variation in the internal PIIEF modifies the profile of the conduction band and the positions of the subbands.
The simulations are carried out using the NEXTNANO3 software. The simulated structure consists of a five period Al 0.5 Ga 0.5 N/GaN SL. The AlGaN barrier and GaN well layer thicknesses are both 3 nm. Only the GaN wells are doped, with concentrations varying from 5 Â 10 17 to 5 Â 10 21 cm
À3
. To approximate the practical structure, a 50 nm GaN buffer layer and a 17 nm GaN cap layer are added at the bottom and the top of the SL, respectively. Our attention is focused on the variations in the conduction band profile, the electric field distribution and the positions of the subbands in the GaN wells. The effective mass approximation is used as the quantum-model for the electrons. In the process, some of the physical parameters of Al x Ga 1Àx N are obtained by linear interpolation. Conduction band profiles of the undoped and 5 Â 10 21 cm À3 Si-doped SLs are presented in Figs. 1(a) and 1(b), respectively. All of the GaN wells are completely depleted in Fig. 1(a) . The nth bound states in the different wells are separated distinctly. Without coupling electron wave functions in adjacent wells, 9 the subbands cannot be generated. As the doping concentration reaches 5 Â 10 21 cm À3 in Fig. 1(b) , the positions of the nth bound states in each well are consistent and familiar subbands are observed in the SL structure.
To analyze the essential differences between the undoped and doped structures, electric field distributions are presented in Figs. 1(c) and 1(d) for the undoped and doped structures, respectively. There are strong spontaneous and piezoelectric polarization effects in the AlGaN and GaN materials. In our simulation, those polarization effects are present as the fixed positive and negative charges located at the AlGaN/GaN and GaN/AlGaN interfaces, respectively. As shown in Fig. 1(c) , it is easily seen that the value of the electric field in the AlGaN barrier is larger than that in the GaN well. Because of the opposing directions of the electric fields in these two materials, the integral of the positive field in the AlGaN barrier is larger than that of the negative field in the GaN well. In other words, the potential decrease in the GaN well cannot offset the potential increase in the AlGaN barrier, leading to the tendency of the potential energy of the GaN well in the conduction band profile to increase.
The difference between the electric fields in AlGaN and GaN is attributed to their different dielectric constants. The dielectric constant of Al x Ga 1Àx N can be expressed as eðxÞ ¼ À0:3x þ 10:4:
( (2011) in which, e is the dielectric constant of Al x Ga 1Àx N and x represents the Al fraction in AlGaN barriers. 10 e(x) decreases with an increase in the Al fraction. The electric field in a uniform dielectric is proportional to the value of Q/e(x), in which Q represents the quantity of the polarization charge. As the electric fields in both the barrier and the well are induced by the same interface fixed charge, their Q values are the same, while a smaller e(x) indicates a larger electric field, and the field is more sensitive to variations in the charge distribution. In summary, it can thus be reasonably inferred that the different dielectric constants in AlGaN and GaN induce the depletion of the SL under low doping conditions. With the increase in doping concentration shown in Fig. 1(d) , the electric field in the AlGaN barrier is restrained by the two-dimensional-electron-gases (2DEGs), which is discussed in detail in the following paragraph.
The fixed charges induced by the polarization at the barrier/well (well/barrier) interfaces will be compensated for by the electrons provided by Si doping in the GaN wells. Because of the larger intensity of the polarization in AlGaN, those fixed charges are located in the AlGaN side of the AlGaN/GaN (or GaN/AlGaN) interfaces. As shown in Fig.  2(a) , the PIIEF in the AlGaN barriers decreased with the presence of the 2DEG, which explained the disappearance of the depleted wells. It should be noted that the decrease in the electric field is not consistent for different barriers. Barriers near the SL/buffer interface are influenced more seriously by the Si doping. As the Si doping increases, the electrons are initially accumulated in wells near the buffer layer, and then in the wells further away from the buffer layer in sequence. The crucial doping concentrations, at which the adjacent well begins to be occupied, are presented in Fig. 2(c) .
The electric field in the AlGaN barriers decreases with increasing Si doping, but this trend becomes weak, whereas variation of the electric fields in the GaN wells is totally different. All of this can be attributed to the saturation of the electrons in the ground state E 0 . The asymmetry of the conduction band profile induces an asymmetric distribution of the electrons in the first excited state E 1 . The amplitude of the electron wave function is proportional to the probability of an electron being found at that point. As shown in Fig.  2 for a single well. The amplitude of the left peak is greater than that of the right peak, and so a majority of the electrons in E 1 appear at the left section of the well. The influence of those electrons on the electric field in the barrier is slight because of the large distance between them, whereas their influence on the electric field in the GaN wells cannot be neglected. Therefore, due to the saturation of the electrons in E 0 , the change in the barrier electric field is close to saturation. Electrons in the ground state E 0 and the first excited state E 1 disturb the fields in the wells simultaneously, which induces a parabolic distribution of the electric field, with a peak approaching the left peak of the electron wave function for E 1 . The phenomena stated above are quite similar to what is known as the band-filling effect, 11 which shifts the Fermi-level to be approaching or exceeding E 1 in our case. This is the first time that the direct influence of this effect on the PIIEF in GaN wells has been represented, even without consideration of the many-body effect.
All of the variations in the electric field and conduction band profiles are reflected in the changes in the positions of the subbands in the GaN wells. Fig. 3 shows the variation of E 1 -E 0 versus Si doping concentration. In the region from 2 Â 10 19 to 1 Â 10 20 cm
, the PIIEF in the barrier is seriously repressed by the electrons provided by doping, and the effective depth of the well is decreased. Therefore, the quantum effect of the quantum well begins to abate, and the value of E 1 -E 0 decreases rapidly. As the ground state E 0 is saturated by electrons for a doping concentration higher than 1 Â 10 20 cm
, the declination of the electric field in the barriers slows down. The positions of subbands are then primarily affected by the faint variations of the conduction bands in both barriers and wells. Our result is contrary to that reported by Kandaswamy et al. 11 In practice, the influence of the many-body effect, which decreases the effective mass of the electrons and increases the value of E 1 -E 0 , 12 may overturn the conclusion obtained in our paper. This interesting problem is to be investigated in future work.
In summary, an AlGaN/GaN superlattice with low Si doping concentration is depleted due to the difference in the dielectric constants between the barrier and the well. With increased doping concentrations in the GaN wells, the wells are occupied by electrons in sequence from the buffer/SL interface to the surface. The saturation of the electron concentration in the ground state E 0 results in the saturation of the reduction trend for the barrier electric field, and the asymmetrical distribution of the electrons in the first excited state E 1 leads to a change in the well electric field. All of these variations result in a reduction in the effective depth of the well and a corresponding decrease in the E 1 -E 0 value. 
